The present work describes the preparation and characterization of a carbon nanotube paste electrode modified with 2,7-bis(ferrocenyl ethyl)fluoren-9-one (2,7-BF). This electrode showed an efficient catalytic activity for the electro-oxidation of 6-thioguanine (6-TG), which leads to lowering 6-TG overpotential by more than 610 mV. Also, the values of catalytic rate constant (k = 2.7 × 10 3 mol -1 L s -1 ), and diffusion coefficient (D = 2.7 × 10 -5 cm 2 s) were calculated. In 0.1 M phosphate buffer solution of pH 7.0, the oxidation current increased linearly with two concentration intervals of 6-TG, one is 0.06 to 10.0 μmol L -1 and the other is 10.0 to 160.0 μmol L -1 . The detection limit (3σ) obtained by differential pulse voltammetry (DPV) was 22.0 nmol L -1 . DPV was used for simultaneous determination of 6-TG, uric acid (UA) and folic acid (FA) at the modified electrode, and for quantification of 6-TG, UA and FA in some real samples by the standard addition method.
Introduction
Chemically modified bases, such as 6-thioguanine (6-TG), 2-thiouracil, 4-thiouracil, and 2,4-dithiouracil are frequently studied because of their numerous pharmacological, biochemical, and biological capabilities. 1 The thiopurine drugs such as 6-TG are used to influence immune response in the treatment of inflammatory diseases such as ulcerative colitis, dermatitis and rheumatoid arthritis, and to stop rejection of tissues post transplant. 2 Various methods have been used to determine 6-TG, including chromatography, 3 spectrofluorometric 4 and electrochemical [5] [6] [7] [8] methods. However, there are still some limitations in spectrofluorometric and chromatographic methods, such as selection of a suitable column or a mobile phase and/or finding a suitable reactant for postcolumn reaction (for increasing sensitivity) in liquid chromatography and/or in the presence of many interfering substances in spectrofluorometric methods. On the other hand, electrochemical sensors satisfy many of the requirements for use in environmental monitoring, clinical assays or process control. An electrochemical method does not require expensive equipment and offers useful alternatives owing to its inherent specificity, speed of response, sensitivity and simplicity of preparation. The use of bare electrodes such as gold for the oxidation of 6-TG requires high potentials. A good way of lowering potentials is to use modified electrodes.
As one of the important biomolecules present in physiological fluids, uric acid (UA) is the ultimate product of catabolism of the purine nucleosides. 9 Abnormal UA level is a symptom of several clinical conditions, such as kidney damage, gout, hyperuricaemia and Lesch-Nyan diseases. 10 Hence, to explore a simple, accurate and reliable determination method for UA becomes urgent. Various methods have been attempted, such as chemiluminescence, 11 chromatography, 12 spectrofluorometry, 13 and enzymatic method. 14 While these methods are often time consuming, inherently expensive or complicated, electrochemical methods for determination of UA present advantages such as being simple, rapid, inexpensive and easy to use. [15] [16] [17] [18] [19] Folic acid (FA) is a tasteless and odorless yellowish orange crystal. It belongs to the water-soluble vitamine B family and exists in the kidneys and livers of animals, plants, mushrooms and algae. 20 FA is an important substance for keeping activity and health of living beings and is essential for cell growth and division in the human body. It participates in lots of bodily reactions and mainly in synthesis of nucleic acid and some important substances, 21 and promotes the synthesis of protein from amino acid. FA deficiency causes high homotype cysteine acidemia, psychosis, devolution of mentality, and anaemia. 21 Simple and effective determination methods of FA have received increasing interest. Recently, various methods have been reported for the determination of FA. These include high-performance liquid chromatography (HPLC), colorimetry, microbial method, spectrophotometry, flow injection chemiluminescence, fluorometric method and spectrophotometry. Hitherto, there have been some electrochemical techniques reported for the determination of FA. 22, 23 Carbon paste electrode (CPE) is a special kind of heterogeneous carbon electrode consisting of mixtures prepared from carbon powder and a suitable water-immiscible or non-conducting binder. [24] [25] [26] The use of carbon paste as an electrode was initially reported in 1958 by Adams. 27 In later researches a wide variety of modifiers [28] [29] [30] [31] have been used with these versatile electrodes. CPEs are widely applicable in both electrochemical studies and electroanalysis thanks to their advantages such as very low background current (compared to solid graphite or noble metal electrodes), easy preparation, low cost, large potential window, simple surface renewal process and easiness of miniaturization. 29, 31 Besides the advantageous properties and characteristics listed before, the feasibility of incorporation of different substances during the paste preparation (which resulting in the so-called modified carbon paste electrode) allow the fabrication of electrodes with desired composition, and hence, with predetermined properties. 29, 31 Since the discovery of carbon nanotubes (CNTs) in 1991, 32 numerous investigations have focused on the studies of their properties and applications. 33, 34 Because of the special tube structure, CNTs possess several unique properties such as good electrical conductivity, high chemical stability and extremely high mechanical strength. 35, 36 In addition, the subtle electronic behavior of CNTs reveals that they have the ability to promote electron-transfer reaction and have a high electrocatalytic effect when used as electrode materials. 37 All these fascinating properties make CNTs as a suitable candidate for the modification of electrodes. 38 To the best of our knowledge, most of the previously published electrochemical studies have dealt with individual determination of 6-TG utilizing CPEs or other kinds of modified electrodes. No study has been reported on the simultaneous determination of 6-TG, UA and FA using modified carbon nanotube paste electrodes (CNPEs), which is the focus of the present study. Therefore, in the present work, we describe the preparation of a new electrode composed of CNPE modified with 2,7-bis(ferrocenyl ethyl)fluoren-9-one (2,7-BFCNPE) and we investigate its performance for the electrocatalytic determination of 6-TG in aqueous solutions. We also evaluate the analytical performance of the modified electrode for quantification of 6-TG in the presence of UA and FA.
Experimental

Apparatus and chemicals
The electrochemical measurements were performed with an Autolab potentiostat/galvanostat (PGSTAT-302 N, Eco Chemie, The Netherlands). The experimental conditions were controlled with General Purpose Electrochemical System (GPES) software. A conventional three electrode cell was used at 25 ± 1 C. Ag/AgCl/KCl (3.0 mol L -1 ) electrode, a platinum wire, and the 2,7-BFCNPE were used as the reference, auxiliary and working electrodes, respectively. A Metrohm 691 pH/ion meter was used for pH measurements.
All solutions were freshly prepared with double distilled water. 6-TG, UA and FA and all other reagents were of analytical grade from Merck (Darmstadt, Germany). Graphite powder and paraffin oil (DC 350, density = 0.88 g cm -3 ) as the binding agent (both from Merck) were used for preparing the pastes. Multiwalled carbon nanotubes (purity more than 95%) with o.d. between 10 and 20 nm, i.d. between 5 and 10 nm, and tube length from 10 to 30 μm were obtained from Nanostructured & Amorphous Materials, Inc. The buffer solutions were prepared from orthophosphoric acid and its salts in the pH range of 2.0 -11.0. 2,7-BF was synthesized in our laboratory as reported previously. 39 
Preparation of the electrode
The 2,7-BFCNPEs were prepared by hand mixing 0.01 g of 2,7-BF with 0.89 g graphite powder and 0.1 g CNTs with a mortar and pestle. Then, ~0.7 mL of paraffin was added to the above mixture and the combination was mixed for 20 min until a uniformly-wetted paste was obtained. The paste was then packed into the end of a glass tube (ca. 3.4 mm i.d. and 10 cm long). A copper wire inserted into the carbon paste provided the electrical contact. When necessary, a new surface was obtained by pushing an excess of the paste out of the tube and polishing with a peace of weighing paper.
For comparison, 2,7-BF modified CPE electrode (2,7-BFCPE) without CNTs, CNT paste electrode (CNPE) without 2,7-BF, and unmodified CPE in lacking of both 2,7-BF and CNT were also prepared in the same way.
Results and Discussion
SEM characterization
Typical SEM images of different electrodes are shown in Fig. 1 . Figure 1A shows the layer of irregularly flakes of graphite powder present on the surface of CPE. After multiwall carbon nanotubes were added to the carbon paste, it can be seen that CNTs were distributed on the paste with special three-dimensional structure (Fig. 1B) . Figure 1C shows that 2,7-BF plus CNTs dispersed in the modified electrode.
Electrochemical behavior of 2,7-BFCNPE
We have previously shown that a carbon paste electrode spiked with 2,7-BF is constructed by the incorporation of 2,7-BF in a graphite powder paraffin oil matrix. The experimental results show well-defined and reproducible anodic and cathodic peaks related to 2,7-bis(ferrocenyl ethyl)fluoren-9-one/2,7bis(ferricenium ethyl)fluoren-9-one (Fc/Fc + ) redox system, which show a quasireversible behavior in an aqueous medium. 39 The electrode capability for the generation of a reproducible surface was examined by cyclic voltammetric data obtained in optimum solution pH 7.0 from five separately prepared 2,7-BFCNPEs ( Table 1 ). The calculated RSD for various parameters was accepted as the criterion for a satisfactory surface reproducibility (about 1 -4%), which is virtually the same as that expected for the renewal or ordinary carbon paste surface. 39 However we regenerated the surface of 2,7-BFCNPE before each experiment according to our previous result. 39 In addition, the longterm stability of the 2,7-BFCNPE was tested over a three-week period. When CVs were recorded after the modified electrode was stored in atmosphere at room temperature, the peak potential for 6-TG oxidation was unchanged and the current signals showed less than 2.2% decrease relative to the initial response. The antifouling properties of the modified electrode toward 6-TG oxidation and its oxidation products were investigated by recording the cyclic voltammograms of the modified electrode before and after use in the presence of 6-TG. Cyclic voltammograms were recorded in the presence of 6-TG after have cycled the potential 15 times at a scan rate of 10 mV s -1 . The peak potentials were unchanged and the currents decreased by less than 2.3%. Therefore, at the surface of 2,7-BFCNPE, not only does the sensitivity increase, but the fouling effect of the analyte and its oxidation product also decreases.
Electrocatalytic oxidation of 6-TG at a 2,7-BFCNPE
The electrochemical behavior of 6-TG is dependent on the pH value of the aqueous solution, whereas the electrochemical properties of Fc/Fc + redox couple are independent of pH. Therefore, pH optimization of the solution seems to be necessary in order to obtain the electrocatalytic oxidation of 6-TG. Thus the electrochemical behavior of 6-TG was studied in 0.1 mol L -1 phosphate buffer solutions at different pH values (2.0 < pH < 11.0) at the surface of 2,7-BFMCNPE by cyclic voltammetry. It was found that the electrocatalytic oxidation of 6-TG at the surface of 2,7-BFMCNPE was more favored under neutral conditions than in acidic medium. This appears as a gradual growth in the anodic peak current and a simultaneous decrease in the cathodic peak current in the cyclic voltammograms drawn at the surface of 2,7-BFMCNPE. The variation of Ipa vs. the variation of pH was studied. Results showed that the anodic peak currents are high at a biological pH. Thus, the pH 7.0 was chosen as the optimum pH for electrocatalysis of 6-TG oxidation at the surface of 2,7-BFMCNPE. Figure 2 depicts the CV responses for the electrochemical oxidation of 10.0 μmol L -1 6-TG at unmodified CPE (curve b), CNPE (curve d), 2,7-BFCPE (curve e) and 2,7-BFCNPE (curve f). As can be seen, while the anodic peak potential for 6-TG oxidation at the CNPE, and for unmodified CPE are 870 and 930 mV, respectively, the corresponding potential at 2,7-BFCNPE and 2,7-BFCPE is ~320 mV. These results indicate that the peak potential for 6-TG oxidation at the 2,7-BFCNPE and 2,7-BFCPE electrodes shift by ~550 and 610 mV toward negative values compared to CNPE and unmodified CPE, respectively. However, 2,7-BFCNPE shows much higher anodic peak current for the oxidation of 6-TG compared to 2,7-BFCPE, indicating that the combination of a. vs. Ag/AgCl/KCl (3.0 mol L -1 ) as reference electrode. b. All the "±" values are RSD% (n = 5). Epa, Anodic peak potential; Epc, cathodic peak potential; Ipa, anodic peak current; Ipc, cathodic peak current. CNTs and the mediator (2,7-BF) has significantly improved the performance of the electrode toward 6-TG oxidation. In fact, 2,7-BFCNPE in the absence of 6-TG exhibited a well-behaved redox reaction (Fig. 2 , curve c) in 0.1 mol L -1 phosphate buffer (pH 7.0). However, there was a drastic increase in the anodic peak current in the presence of 10.0 μmol L -1 6-TG (curve f), which can be related to the strong electrocatalytic effect of the 2,7-BFCNPE towards this compound. 40 Based on these results, we propose an EC′ catalytic mechanism, shown in Scheme 1, to describe the electrochemical oxidation of 6-TG at 2,7-BFCNPE. In this scheme, 6-TG oxidized in the catalytic (C) reaction by the oxidized form of 2,7-BF produced at the electrode surface via an electrochemical (E) reaction.
The effect of scan rate on the electrocatalytic oxidation of 6-TG at the 2,7-BFCNPE was investigated by linear sweep voltammetry (Fig. 3) . As can be observed in Fig. 3 , the oxidation peak potential shifted to more positive potentials with increasing scan rate, confirming the kinetic limitation in the electrochemical reaction. Also, a plot of peak height (Ip) vs. the square root of scan rate (ν 1/2 ) was found to be linear in the range of 10 -60 mV s -1 , suggesting that, at sufficient overpotential, the process is diffusion rather than surface controlled (Fig. 3A) . A plot of the scan rate-normalized current (Ip/ν 1/2 ) vs. scan rate (Fig. 3B ) exhibits the characteristic shape of an EC′ process. 40 The Tafel slope (b) can be obtained from the slope of Ep vs. log ν using Eq. (1): 41
The Tafel slope was found to be 86.8 mV ( Fig. 3 , inset C), which indicates that a one-electron transfer process is the rate limiting step assuming a transfer coefficient (α) is about 0.32.
Chronoamperometric measurements
Double potential step chronoamperometry, as well as other electrochemical methods was employed for investigation of electrochemical process at the chemically modified electrodes. 40 Figure 4 shows the current-time curve of 2,7-BFCNPE obtained by setting the working electrode potential at 0.4 V (at the first potential step) and at 0.0 V (at second potential step) vs. Ag/AgCl/KCl (3.0 mol L -1 ) for the various concentrations of 6-TG in buffered aqueous solutions (pH 7.0). As can be seen, there is not any net cathodic current corresponding to the reduction of mediator in the presence of 6-TG, when the potential is stepped from 0.4 to 0.0 V vs. Ag/AgCl/KCl (3.0 mol L -1 ). In contrast the forward and backward potential step chronoamperometry on the modified electrode in the blank buffered solution show very symmetrical chronoamperograms with an equal charge consumed for the oxidation and reduction of Fc/Fc + redox system in the CPE. However, in the presence of 6-TG, the charge value associated with forward chronoamperometry is significant greater than that observed for backward chronoamperometry. For an electroactive material Scheme 1 Electrocatalytic oxidation of 6-TG at the 2,7-BFCNPE. (6-TG in this case) with a diffusion coefficient of D, the current observed for the electrochemical reaction at the mass transport limited condition is described by the Cottrell equation. 40 Experimental plots of I vs. t -1/2 were employed, with the best fits for different concentrations of 6-TG (Fig. 4A) . The slopes of the resulting straight lines were then plotted vs. 6-TG concentration (Fig. 4B ). From the resulting slope and the Cottrell equation the mean value of the D was found to be 2.7 × 10 -5 cm 2 /s. Chronoamperometry can also be employed to evaluate the catalytic rate constant, k, for the reaction between 6-TG and the 2,7-BFCNPE according to the method of Galus: 42 IC/IL = γ 1/2 [π 1/2 erf(γ 1/2 ) + exp(-γ)/γ 1/2 ]
where IC is the catalytic current of 6-TG at the 2,7-BFCNPE, IL is the limited current in the absence of 6-TG and γ = kCbt is the argument of the error function (Cb is the bulk concentration of 6-TG). In cases where γ exceeds the value of 2, the error function is almost equal to 1 and therefore, the above equation can be reduced to:
where t is the time elapsed. The above equation can be used to calculate the rate constant, k, of the catalytic process from the slope of IC/IL vs. t 1/2 at a given 6-TG concentration. From the values of the slopes (Fig. 4C) , the average value of k was found to be 2.7 × 10 3 mol -1 L s -1 . Double potential step chronocoulometry, as well as other electrochemical methods, were also employed for the investigation of electrode processes at 2,7-BFCNPE (Fig. 4D ). As can be seen, the forward and backward potential step chronocoulometry on the modified electrode in the blank buffered solution show very symmetrical chronocoulograms (Fig. 4D, curve a) . In the presence of 6-TG, however, the charge value associated with forward chronocoulometry is significantly greater than that observed for backward chronocoulometry (Fig. 4D, curve b ). This behavior is typical of what is expected for electrocatalysis at chemically modified electrodes. 40 
Calibration plot and limit of detection
DPV method was used to determine the concentration of 6-TG (Fig. 5 ). The plot of peak current vs. 6-TG concentration consisted of two linear segments with slopes of 0.9949 and 0.1068 μA μmol -1 L in the concentration ranges of 0.06 to 10.0 μmol L -1 and 10.0 to 160.0 μmol L -1 , respectively. The decrease in sensitivity (slope) of the second linear segment is likely due to kinetic limitation. The detection limit (3σ) of 6-TG was found to be 22.0 nmol L -1 .
Simultaneous determination of 6-TG, UA and FA
To our knowledge, there is no report on the simultaneous determination of 6-TG, UA and FA using 2,7-BFCNPE. Therefore, the main object of this study was to detect 6-TG, UA and FA simultaneously using 2,7-BFCNPE. DPV was used for the simultaneous determination of 6-TG, UA and FA. Using 2,7-BFCNPE as the working electrode were carried out the analytical experiments by varying the concentration of UA or FA in the presence of constant concentrations of 6-TG in 0.1 mol L -1 phosphate buffer (pH 7.0). Figures 6A and 6B show DPVs obtained in 50.0 and 40.0 μmol L -1 6-TG containing increasing concentrations of UA and FA, respectively. The inset figures show the corresponding plots of peak current vs. concentrations of these compounds. It can be clearly seen that the response of the 2,7-BFCNPE to 6-TG is independent of both UA and FA.
The utilization of the 2,7-BFCNPE for the simultaneous determination of 6-TG, UA and FA was demonstrated by simultaneously changing the concentrations of 6-TG, UA and FA. The voltammetric results showed well-defined anodic peaks at potentials of 290, 480 and 770 mV, corresponding to the oxidation of 6-TG, UA and FA, respectively, indicating that simultaneous determination of these compounds is feasible at the 2,7-BFCNPE as shown in Fig. 7 .
The sensitivity of the modified electrode towards the oxidation of 6-TG was found to be 0.9937 μA μmol L -1 . This is very close to the value obtained in the absence of UA and FA (0.9949 μA μmol L -1 ), indicating that the oxidation processes of these compounds at the 2,7-BFCNPE are independent and therefore simultaneous determination of their mixtures is possible without significant interferences.
Interference studies
The influence of various substances as compounds potentially interfering with the determination of 6-TG was studied under optimum conditions. The potentially interfering substances were chosen from the group of substances commonly found with 6-TG in pharmaceuticals and/or in biological fluids. The tolerance limit was defined as the maximum concentration of the interfering substance that caused an error of less than ±5% in the determination of 6-TG. According to the results, L-lysine, glucose, NADH, acetaminophen, L-asparagine, L-serine, L-threonine, L-proline, histidine, glycine, methionine, tryptophan, phenylalanine, lactose, saccarose, fructose, benzoic acid, methanol, ethanol, urea, Ca 2+ , Mg 2+ , Al 3+ , NH4 + , Fe +2 , Fe +3 , F -, SO4 2and S 2did not show interference in the determination of 6-TG, but ascorbic acid, levodopa, N-acethyl cysteine, D-penicillamine, and thiosulfate showed interferences.
Real sample analysis Determination of 6-TG and FA in pharmaceutical preparations:
In order to demonstrate the electrocatalytic oxidation of 6-TG and FA in pharmaceutical preparations, we examined this ability in differential pulse voltammetric determination of 6-TG concentration in 6-TG tablets and FA concentration in FA tablets. Based on the repeated differential pulse voltammetric responses (n = 5) of the diluted analytes and the samples that were spiked with specified concentration of 6-TG and FA and using the standard addition method, we measured 6-TG and FA concentrations in the pharmaceutical preparations and the recovery rates of the spiked samples. The results are listed in Table 2 .
The reliability of the proposed modified electrode was also evaluated by comparing the obtained results with those declared in the label of the pharmaceutical preparations ( Table 3 ). The results in Table 2 show that the relative standard derivations (RSD%) and the recovery rates of the spiked samples are acceptable. Also, the data in Table 3 indicate that the results obtained by utilizing 2,7-BFCNPE are in good agreement with those declared on the label of the preparations. Thus, the modified electrode can be efficiency used for individual or simultaneous determination of 6-TG and FA in pharmaceutical preparations. Determination of 6-TG, UA and FA in urine: In order to evaluate the analytical applicability of the proposed method, also it was applied to the determination of 6-TG, UA and FA in urine samples. The results for determination of the three species in real samples are given in Table 4 . Satisfactory recovery of the experimental results was found for 6-TG, UA and FA. The reproducibility of the method was demonstrated by the mean RSD. Table 4 The application of 2,7-BFCNPE for simultaneous determination of 6-TG, UA and FA in urine samples Spiked  Found  Recovery, %  RSD, %   6-TG  UA  FA  6-TG  UA  FA  6-TG  UA  FA  6-TG  UA All concentrations are in μmol L -1 (n = 5).
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